Abstract: Snake robots are mostly designed based on single mode locomotion. However, single mode gait most likely could not work effectively when the robot is subject to an unstructured working environment with different measures of terrain complexity. As a solution, mixed mode locomotion is proposed in this paper by synchronizing two types of gaits known as serpentine and wriggler gaits used for non-constricted and narrow space environments, respectively, but for straight line locomotion only. A gait transition algorithm is developed to efficiently change the gait from one to another. This study includes the investigation on kinematics analysis followed by dynamics analysis while considering related structural constraints for both gaits. The approach utilizes the speed of the serpentine gait for open area locomotion and exploits the narrow space access capability of the wriggler gait. Hence, it can increase motion flexibility in view of the fact that the robot is able to change its mode of locomotion according to the working environment.
Introduction
Successful snake robot design means the snake robot has motion flexibility as possessed by a real snake. The only way to improve motion flexibility of the snake robot is to incorporate as many gaits as possible to suit varieties of working spaces and the robot should effectively change its gait to adapt to the change of the environment. Snake robot studied by Hirose and Umetani [1] ignited a momentum in snake robot research. In general, there are four most common gaits found in the biological snake namely serpentine, concertina, sidewinding and rectilinear, which are currently adapted as snake robot locomotion gaits [2] . Serpentine is known to be the most prominent and simplest form of snake robot gait inspired from nature. It is a sinusoidal form of locomotion and conventionally generated by approximating a serpenoid curve [3] . Recently, some modifications have been made to improve the workability of the conventional serpentine gait. The serpentine gait with variable bending angles as observed in natural snakes has been introduced into the snake robot and achieved a better locomotion efficiency [4] . Conventional serpentine model is based on fixed parameters while a modified serpenoid curve was developed in [5] which used variable parameters to avoid side slippage. In addition, vertical plane locomotion of the serpentine gait known as traveling wave locomotion was also studied in [6, 7] . It has a similar model to the serpentine gait except the motion is generated in the vertical direction.
Sidewinding is another type of snake gait usually observed in the desert snakes. A novel kinematics model of the sidewinding gait locomotion is generated by repetitive traveling waves of the bending mechanism by using an algorithm based on the backbone curve model [8] . In the latest work, stability conditions were identified for sidewinders on a slope and a solution for a minimum aspect ratio of Manuscript received March 12, 2013 ; revised August 23, 2013 the sidewinding pattern needed to maintain stability was presented [9] . It is also important to note that the sidewinding locomotion involves sinus lifting where the snake robot lifts some parts of its body above the ground and switches the grounded parts of its body dynamically [10] . Rectilinear locomotion is known as the slowest among the four primary types of snake robot gaits. Few works are found related to this type of locomotion. A snake robot that used shape memory alloy (SMA) as actuators and moved in a similar way to rectilinear locomotion was introduced in [11] . However, this snake robot moves with a very low average speed of 0.025 cm/s. Furthermore, the kinematic and dynamic models for a rectilinear gait have been developed considering the changes of mechanism topology over the course of the gait [12] . A simplified model of rectilinear gait was proposed in [13] where a simple two-mass model was employed to analyze the motion and the damping coefficient was varied to change speed.
Concertina is another type of snake robot locomotion gait and it is normally used for climbing purposes [14] . Its mathematical model and optimum conditions to reduce actuation torque during the locomotion were also investigated. The development of the kinematics model of concertina gait used similar locomotion of real snakes for horizontal motion is among one of the latest works. A new dynamic curve for modeling different parts of the snake robot was also presented in [15] .
There are other gaits that have been scrutinized apart from the main four types previously described. For example, a new gait called forward head serpentine (FSH) was introduced in [16] while optimization of the FSH was presented in [17] . The FSH ensures that the head of snake robot always remains in the general direction of motion for easier sensing of obstacles in the environment and significantly enhances the easiness of the information processing. A gait is called a helical gait which defines as the locomotion of a snake-like robot convoluting around a pole or inside a pipe to propel itself forward [18] . Recently, a snake robot was designed with the capability of moving in a small diameter pipe. For example, a KAEROT-snake IV robot could move in a sequence of holding motions as well as with a sinusoidal mode motion inside a vertical or horizontal small diameter pipe [19] . Another locomotion gait used inside pipe is called helical rolling motion and it makes use of mathematical continuum curve model for body shape control [20] . Pedal wave locomotion with steering capability for narrow space application was proposed and consequently tested as continuous snake robot model in [21] .
Research on mixed mode locomotion is slowly progressing against unique locomotion. In order to support the multimode locomotion, a robot must have at least four capabilities [22] . First, it must be able to perform different locomotion modes. Second, it must be able to recover from unexpected locomotion failures. Third, it must be able to shift from one mode to another and finally, it must be able to choose the correct mode for the correct environment. A snake robot capable of anguilliform swimming like sea-snakes and lampreys in water and lateral undulatory locomotion like a snake on ground were found in [23] . The latest work proposed on snake robot can realize both the serpentine and the rectilinear motions, and the fusion of the two motions resulted in a higher adaptability to the environment [24] . In terms of the snake robot structure for different environment locomotions, self-reconfigurable modular robots could be found in the literature to produce multiple types of locomotion gaits [25−27] . These robots used universal joint to move in many environments successfully but the prototype structure does not follows the actual snake. Universal joint is used because it provides good access for the 3-dimensional (3D) locomotion.
In this paper, two distinct gaits namely serpentine used for open space locomotion and wriggler used for narrow space locomotion are synchronized together and implemented on a snake robot prototype. These two gaits are chosen to accommodate the most common environment faced by the snake robots. As for example, narrow space such as a conduit, pipe, collapse building and bushes, apart from open environment are the most common types of workspace faced by the snake robot in real environment. In this work, we try to mimic a real snake structure in terms of friction elements (non-wheel) and bone structure in designing the snake robot prototype. Detail discussion on prototype design can be found in Section 6. Fig. 1 illustrates the gait switching the proposed snake robot deploys to adapt to the two different types of environments. From the figure, it is clearly evidenced why the serpentine gait is not suitable for narrow space compared to the wriggler gait. The lateral width of the serpentine gait is larger compared to the wriggler and thus is not suitable for narrow space locomotion. In this section, two kinematics models of the gait are discussed in detail.
Kinematics modeling
In this research, open space is defined as a space with dimension larger than the diameter hull of the serpentine gait while narrow space is defined as a space with dimension smaller than the diameter hull of the serpentine gait and larger than the diameter hull of the wriggler gait. 
Kinematics of serpentine gait
The first type of gait considered in this paper is a discrete serpentine gait [28] . The gait is the most common gait found in the literature where the joint angle φ is defined as a change of a sequence of absolute angles θ s and given as
where parameters α, β and γ are given by
From (1), the shape of the serpentine gait is in sinusoidal form with amplitude of α and with bias of γ. Relative angles which are adjacent to each other have phase difference of β. The values of α, β and γ could be controlled by adjusting the values of a, b and c, respectively, and consequently the shape of serpentine gait could change. Once the relative angles of the joints are known, it positions could be calculated geometrically on Cartesian coordinates as shown in Fig. 2 . From Fig. 2 , the x and y positions of the joint could be tracked by using the following equations. where (x0, y0) represents the tail coordinates of the snake robot and θ k is the absolute angle for the i-th link which has equivalent length of 2l. Thus, once the absolute angles are known, using (5) and (6), the tracking of the snake robot position on the x-y plane is possible. Different from robotic manipulator which has a fixed base at (x0, y0), the snake robot tail is moving according to the body movement and thus the terms are not eliminated from the velocity expression. Differentiating (5) and (6) once, the x and y components of velocities are obtained as follows.
Kinematics of wriggler gait
The second type of gait considered in this study is the wriggler gait published in our previous paper [29] . The gait has been specifically modeled using cross link member to suit narrow space application. However, in the prototype design, the cross link member is considered virtually such that the link is not visible as cross link but its kinematics is retained. The derivation of the inverse kinematics model of the gait based on cross link is shown in Fig. 3 with length 2l and width 2w. From Fig. 3 , the first joint position (h1, k1) is determined geometrically using (9) and (10). The length of segment r and segment c1 are given by
Using the cosine rule for the triangle formed by the joint H(h1, k1), the second joint G(h2, k2) and the second scale position B(x2, y2), the three angles R1, C1 and L1 can be calculated as follows.
Using c1 as the hypotenuse of the right triangle ADH, the two angles are obtained as
The relationship between the first joint angle, φ1 and the first position of scales, ϕ1 is
and the second joint angle is
All the subsequent angles could be derived in a similar manner. The length l and w could be set to any value. However, to maintain the compatibility of the structure for narrow space application, l is set to be equal to w. Thus from the structure, it is clear that all joint angles of the robot are limited within the range of
As stated earlier, (18) and (19) constitute the inverse kinematics of the system. It is difficult to obtain forward kinematics equation straight away from the inverse kinematics. However, to arrive at the forward kinematics equations, curve fitting approximation method could be used by plotting the scale position against the joint angle within the range given in (20) and applying the curve fitting method.
The mechanism of wriggler gait movement is such that the scale at points A and B undergo dig-in effect while points A and B are free to move with respect to points A and B , respectively. At the next step of motion, points A and B undergo dig-in effect while points A and B are free to move with respect to points A and B , respectively. This sequence is repeated continuously to produce forward locomotion with the aid of the scales located at the belly of the snake robot.
Gait kinematics constraints
The two gaits discussed earlier have distinct kinematics structures. The kinematic model of a serpentine gait is based on straight link structure while the kinematic model of a wriggler gait is developed from the cross link structure. A kinematics constraint for both gaits under consideration is a key concept in designing a snake robot prototype. In other words, the prototype developed must satisfy the gait design criteria in terms of kinematics and link geometry.
Dynamics modeling
The equation of motion of the snake robot is similar to a robotic manipulator except the body is not fixed to the ground and it is subjected to the friction force between the surface and the body contact points. For a planar snake robot model with n number of links where its potential energy is assumed to be zero, the general form of equation of motion based on energy method is given by [30] d dt
where q is the generalized coordinate. The kinetic energy T and dissipative energy R are given by
DPṖi.
Equations (22) and (23) can be simplified as
where mi is mass of link i, Ii is moment of inertia of link i, Dxy and D θ are the coefficients of the translational and rotational motions, respectively. DP is the coefficient of the friction in the robot joint. From (21), the dynamic model can be derived as
where
is a centrifugal coefficient matrix, D ∈ R n+2×n+2 is a frictional coefficient matrix.
Actuators torque
Using the dynamic equation (26), the desired torque for each joint is calculated. Fig. 4 illustrates the overall process for calculating the desired joint torques. Trajectory planning is used to determine the angular speed and angular acceleration of the joints. At least a set of data for each initial and final positions should be known for trajectory computation. These values are obtained from the kinematics analysis discussed earlier. An acceptable simulation time, t is selected based on the desired actuator speed. A simple third-order polynomial trajectory planning as in (27) is used to generate smooth trajectory and used for torque computation in actuator selection. Since our method of control is purely based on kinematics, the jerky motion as a result from cubic polynomial trajectory planning is ignored and smoother trajectory will be considered for complete control system in the future study.
Thus, at least four initial conditions are required to solve for the unknown coefficients c and consequently to obtain the expression for angular velocity and angular acceleration. The initial and final joint positions are known from kinematics analysis and the initial and final velocities are assumed to be zero as follows.
Once the torque for each joint of each gait is known, a comparison between the both gaits is made to select the largest torque for each joint. The results of joint torque computation are shown in Table 1 . Table 1 shows the comparison of joint torques obtained from simulation for both gaits used in the study. All parameter values in the simulation were used in the prototype fabrication. The number of joints used is eight (i=8) connecting nine segments (n=9). The prototype design is discussed in Section 6. From Table 1 , in order to standardize the actuators size, the maximum torque of 2.53 N·m is selected and thus, the actuators chosen must have torque similar or greater than this value to ensure the actuators would provide enough torque to execute both gaits under consideration.
Figs. 5 and 6 show the simulated power consumptions with respect to time for the serpentine gait and the wriggler gait, respectively for one step motion. It shows that the serpentine gait consumes more power compared to the wriggler gait because each joint in the serpentine gait rotates in the larger range of angle for each of the locomotion step.
Gait transition algorithm
After the kinematic models of the gaits are obtained, the gait switching algorithm is developed. The main purpose of the gait switching algorithm is to ensure that the snake robot would switch its gaits efficiently from one to another and at the same time maintaining the desired shape of the gait and the direction of locomotion. The algorithm for gait exchange is used between the two gaits either from serpen-tine to wriggler or vice versa. Fig. 7 illustrates the gait switching algorithm developed and Fig. 8 shows flowchart of the algorithm implemented in this study. A new gait starts when all the data have been compared and the robot is in a new gait initial position. The simplest form of gait transition is to change all current joint angle values with a new initial position of the upcoming gait before a full gait sequence is executed. Through this approach, the gait kinematic structure can be guaranteed. The process is executed sequentially from the head down to the tail of the snake robot. The joint position only changes if the value between the two gaits is different, or else it remains the same. This change should be fast enough to avoid the robot from stop moving which could reduce the speed of locomotion. In order to make the snake robot be able to choose correct mode of locomotion, a sensing system is required to analyse the working environment. For efficient sensing, the head of the snake robot should move parallel to the locomotion direction. In this research, a method known as head-navigation locomotion presented in [31] is considered to ensure the snake robot head move parallel to the direction of motion during serpentine locomotion. From Fig. 2 , this statement means the absolute angle of the head θn is always zero. Fig. 9 shows the serpentine locomotion with head-navigation locomotion. However, for the wriggler gait its nature of its kinematics guarantees the movement of the head in parallel with the direction of motion.
Based on definition of the open space and narrow space given in Section 2, the diameter hull for serpentine gait is determined to be 30 cm while for wriggler gait is 10 cm. Three range sensors are used to differentiate between the open space and narrow space and the positions of the sensors on the snake robot head are shown in Fig. 10 .
Two sensors S1 and S2 are positioned at an angle ρ between each other while S3 is placed parallel to the direction of motion. Sensor S1 is used to determine length of ls1 while sensor S2 is used to determine length ls2 as illustrated in Fig. 11 . Once ls1 and ls2 are known, the diameter of the narrow space dn is determined by using the cosine law However, if S1 and S3 are activated then the diameter of the narrow space are given as
Similar equation is used in case if S2 and S3 are activated, except that ls2 in (31) is replaced by ls3. If dn > 30 cm, serpentine gait is used for locomotion while if 10 cm dn 30 cm, wriggler gait is used to navigate. To make sure that the snake robot switches the gait just before entering the narrow space range, detection range are set low.
In this research, the range of the sensor is 4 cm to 30 cm. Thus, the snake robot will switch its gait within 4 to 30 cm distance from the narrow space. However, from the manufacturer datasheet, the best range is between 4 cm and 16 cm. This range is used so that the snake robot does not switch its gait far away before entering the narrow space. The snake robot will switch the gait back to serpentine when all three sensors are deactivated or no obstacle is detected in the range. The disadvantage of this method is that the head of the snake robot must always be in the direction of locomotion. Slippage during locomotion could cause the sensing method to become inaccurate. For better improvement, a fusion sensing system using camera and range sensor could provide a better result.
Prototype design
Development of the snake robot prototype requires the analysis of kinematics and dynamical constraints of the snake robot. The goal is to synchronize the gaits under consideration, or else the prototype might fail to work properly. The design of the snake robot body should satisfy both geometrical shape requirements of the two gaits. Since locomotion of the snake robot locomotion is purely based on kinematics, a proper control method is developed to generate the required shape of locomotion.
Prototype structure
A complete prototype design to satisfy these constraints is shown in Fig. 12 where the shape of the robot body is designed to adapt to the two geometrical structures of the gaits being considered. The design of the snake robot prototype in this research is inspired from a real snake structure. The link or the bone of the snake robot is shown in Fig. 13 (a) and the shape itself inspired from the snake vertebra is shown in Fig. 13 (b) . This shape is stable and reduces the overall weight of the prototype. Fig. 14 (a) shows a set of artificial scales used to generate friction and placed at the belly of the robot to assist the robot to propel forward. The design and arrangement of the scales follow the real snake scales shown in Fig. 14 (a) . The angle between the scales could be increased to provide better grip on the surface.
The serpentine gait requires backward direction frictional force to be higher compared to the forward direction. At the same time it must be able to avoid side slippage by providing higher frictional force in the tangential direction of motion as compared to the of friction force in the normal direction. If this condition is not satisfied, the snake robot will move sidewise as opposed to move forward. The normal friction force fn plays an important role in preventing side slippage while backward friction force f b assists the robot to move forward as shown in Fig. 15 (a) . The normal friction force is generated by the two edges of the scale which act like a passive wheel in preventing side slippage. On the other hand, for wriggler gait to work effectively, the friction force is considered infinite and zero for backward and forward motions, respectively. In order to have the infinite backward friction force, the edge of the scale must dig-in into the ground and act as pin which allows only rotational motion at that point. The dig-in effect alternates between the two edges such that when one edge experiences the dig-in effect and the other is not. The mechanism is illustrated in Fig. 15 (b) . The scale is designed to have similar function as passive wheel (to avoid side slippage). The advantages of this design compared to passive wheels are that it provides better traction on the slope surfaces and prove to work for both gaits considered in this study. The nature of wriggler gait is not suitable to work with passive wheels.
However, from the experiment observation, larger slip displacement occurs when the snake robot is moving on the smooth surface with a low friction coefficient. The tendency to slip on smooth surface when moving with high speed reduces the speed of locomotion compared to the snake robot with wheels. In addition, our snake robot still lacks modularity because only one controller controls all the snake robot segments, compared to works that use master and slave concept of control.
Control architecture
The general control architecture of the snake robot is shown in Fig. 16 . The required data to generate serpentine gait are obtained from (1) through (4) with parameters a = π/2, b = 2π, and c = 0 for straight line locomotion. Data for wriggler gait are calculated based on (18) through (20) . The calculated data are then stored in a microcontroller in the form of arrays. The gait is generated by shifting the joint angles as illustrated in Fig. 17 . In one cycle for both serpentine and wriggler gaits, there are eight steps for completing locomotion. The next steps are the repetition of the previous steps. To ensure the desired form of gait structure is generated, all the angles in each row must reach the desired position before continuing on to the next row, and the angles must arrive at the next configuration at the same time. Thus, it becomes clear that the speed of the servo motor must also be controlled. To arrive at the desired speed, absolute differences between each row are computed as shown in Table 2 . Then, the largest value of the absolute difference associated with the highest controllable speed achievable by servo motor is used as the reference for adjusting speed of the other servos.
For example, in Table 2 , the maximum absolute difference is between Steps 1 to 2 and is 50
• . This maximum absolute value is then assigned with the maximum speed (in our case 353
• s −1 ). Table 3 . During the locomotion, the microcontroller routine will extract these combined values and then extracts the position and speed values before sending to the servo controller. The flow of the extraction process is shown in Fig. 18 . For example, when a value of 102328 is called back by the routine of the microprocessor, it will first divide the number by 100, arriving at 1023.28 and then truncate the decimal, leaving 1023. This value is stored temporarily as the new desired position for that particular servo motor. The same value would then be multiplied again by 100 to obtain 102300, and subtracted from the original value 102328, which is permanently stored, to extract the speed value which in this case is 28. Using this method of extracting the two values from one stored element, a complete algorithm of a locomotion control based on kinematics is achievable.
Experimental results
A series of experiments have been conducted to test the viability of the proposed model and locomotion strategy. Table 4 summarizes the forward speeds achieved by the prototype under two different surfaces (i.e., carpet with higher friction and tiled floor with lower friction). These results demonstrate that the serpentine gait has a higher speeds compared to the wriggler gait for both surfaces as expected. Moreover, both gaits achieve higher speeds on the carpet (high friction) compared to the tiled floor (low friction). It also shows that the scales used in this study work better on a rough terrain compared to a smooth surface.
In terms of power consumption, the serpentine gait consumes more power compared to the wriggler gait as could be seen from Figs. 19 and 20. The power consumption is measured when the snake robot is moving on the carpet for 15 steps (1.5 cycles) of the motion. However, the values are larger than the simulated values due to actual friction effect at the contact surface. During the gait transition, average power consumption is less than the serpentine but higher than the wriggler as shown in Fig. 21 , where transition occurred between 35 s to 60 s. Fig. 22 shows snapshots of the snake robot passing trough a narrow passage by switching its gaits according to the environment. Starting with the serpentine gait in the open space in Fig. 22 (a) , the snake robot switched its gait to the wriggler gait to enter a narrow passage in Fig. 22 (b) . In the narrow passage, it executed full wriggler locomotion till it reached end of the passage as shown in Fig. 22 (c) .
Before entering the open space again, it switched back its locomotion gait to the serpentine in Fig. 22 (d) and finally propelled with full serpentine locomotion when its body was totally out of the narrow passage in Fig. 22 (e).
Conclusions
In this paper, a snake robot design using mixed gaits is described. A list of important considerations for the devel- opment of the system is also highlighted. The kinematics for serpentine and wriggler gaits is described and the related geometrical constraints for respective gaits are also pointed out. The prototype developed for mixed mode gait has successfully executed the two gaits in two different workspaces. The result has also proved the efficacy of the proposed gait switching algorithm. In the future the 3D locomotion will be considered with turning capability for higher motion flexibility. Smart material will be considered to mimic snake muscle instead of using rigid actuator for better locomotion flexibility and environment adaptability.
